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Autophagy has recently been shown to be an
important component of the innate immune re-
sponse. The signaling pathways leading to acti-
vation of autophagy in innate immunity are not
known. Here we showed that Toll-like receptor
4 (TLR4) served as a previously unrecognized
environmental sensor for autophagy. Autoph-
agy was induced by lipopolysaccharide (LPS)
in primary human macrophages and in the mu-
rine macrophage RAW264.7 cell line. We de-
fined a new molecular pathway in which LPS-
induced autophagy was regulated through
a Toll-interleukin-1 receptor domain-containing
adaptor-inducing interferon-b (TRIF)-dependent,
myeloid differentiation factor 88 (MyD88)-inde-
pendent TLR4 signaling pathway. Receptor-
interacting protein (RIP1) and p38 mitogen-
activated protein kinase were downstream
components of this pathway. This signaling
pathway did not affect cell viability, indicating
that it is distinct from the autophagic death sig-
naling pathway. We further showed that LPS-
induced autophagy could enhance mycobacte-
rial colocalization with the autophagosomes.
This study links two ancient processes, autoph-
agy and innate immunity, together through
a shared signaling pathway.
INTRODUCTION
Autophagy is a highly evolutionarily conserved process in
virtually all eukaryotic cells. It involves the sequestration of
regions of the cytosol within double-membrane-bound
compartments and delivery of the contents to the lyso-
somes for degradation. Autophagy has been shown to
be an important player in many critical biological pro-
cesses such as cellular response to starvation, cell sur-
vival and death, cancer, clearance of inclusion bodies in
neurodegenerative diseases, and host defense (Levine
and Klionsky, 2004; Levine, 2005). Rapidly accumulating
functional evidence has shown that autophagy is a com-ponent of innate immunity (Kirkegaard et al., 2004) and
is involved in the host defense elimination of bacterial
pathogens including group A Streptococcus (Nakagawa
et al., 2004), Shigella flexneri (Ogawa et al., 2005), and
Mycobacterium tuberculosis (Gutierrez et al., 2004; Singh
et al., 2006). The signaling pathways leading to activation
of pathogen-induced autophagy remain to be elucidated.
Although the process of autophagy was described de-
cades ago, its genetic components have been only
recently identified through extensive studies using yeast
genetics (Kirkegaard et al., 2004). Substantial progress
has been made in understanding genetic factors contrib-
uting to the formation of the autophagic vesicles, but the
molecular mechanisms and the signaling pathways lead-
ing to induction of autophagy are still enigmatic. Although
it has been shown that the signals that contribute to induc-
tion of autophagy are mediated by the target of rapamycin
(TOR), the phosphatidylinositol 3-kinases (PI3Ks), protein
phosphatases, and trimeric G proteins, the upstream sig-
naling events are incompletely understood. Furthermore,
whereas it is clear that class III PI3Ks are essential for star-
vation-induced autophagy, it is not known what signaling
pathway mediates pathogen-induced autophagy. In im-
mune cells, Toll-like receptors (TLRs) are charged with mi-
crobe detection. These receptors represent a conserved
family of innate immune recognition receptors that play
key roles in detecting microbes, initiating innate immune
responses, and linking innate and adaptive immunity
(Takeda and Akira, 2005). Among these stimuli, the cell
wall of Gram-negative bacteria constituent lipopolysac-
charide (LPS), a potent proinflammatory pathogen-
associated molecular pattern, is the ligand for TLR4 re-
ceptor. In this study, we showed that TLR4 served as
a previously unrecognized environmental sensor for
autophagy. Autophagy was regulated through a Toll-
interleukin-1 receptor domain-containing adaptor-
inducing interferon-b (TRIF)-dependent, myeloid differen-
tiation factor 88 (MyD88)-independent TLR4 signaling
pathway. Receptor-interacting protein (RIP1) and p38
mitogen-activated protein kinase (MAPK) were down-
stream components of this pathway. This signaling path-
way did not affect cell viability and was not mediated by
c-Jun amino-terminal kinase (JNK), indicating that it is
distinct from the autophagic death signaling pathway.
We further showed that LPS-induced autophagy could
overcome mycobacterial phagosome arrest and force itsImmunity 27, 135–144, July 2007 ª2007 Elsevier Inc. 135
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Toll-like Receptor 4 Is a Sensor for AutophagyFigure 1. LPS Induces Formation of Autophagosomes
(A) RAW264.7 cells were incubated in the absence or presence of LPS for 16 hr, fixed, stained with DAPI to visualize the nuclei (blue), and immunola-
beled with LC3 antibody followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (green). Representative images are shown. Scale bars = 10 mm.
(B) Cell viability analysis of RAW264.7 cells stably expressing GFP-LC3 after incubation in the presence or absence of LPS (100 ng/ml) for 16 hr. Cell
viability was determined using a Vi-CELL Cell Viability Analyzer (Beckman Coulter) based on trypan blue reagent (Mean ± SD, n = 4).colocalization with the autophagosomes. The LPS-in-
duced autophagic signaling pathway further facilitated au-
tophagy vesicle formation by promoting the association of
the PI3K VPS34 with the membrane. Furthermore, LPS
upregulated LRG47, a guanosine triphosphate (GTP)ase
that has been recently shown to be involved in antimyco-
bacterial effects through contribution to autophagy induc-
tion (MacMicking et al., 2003; Gutierrez et al., 2004). This
study links two ancient processes, autophagy and innate
immunity, together through a shared signaling pathway,
the Toll-like receptor.
RESULTS
LPS Induces Autophagy in Murine and Human
Macrophages
We hypothesized the existence of a potential link between
autophagy and LPS-induced innate immune response. To
test this hypothesis, we studied autophagy in the murine
macrophage cell line RAW264.7 and in primary human al-
veolar macrophages. Incubation of RAW264.7 cells with
LPS (100 ng/ml) led to the redistribution ofmicrotubule-as-
sociated protein 1 light chain 3 (LC3, also known as Atg8)
from diffuse to punctate staining, typical of autophago-
somes (Figure 1A) (Gutierrez et al., 2004; Ogawa et al.,
2005). The LPS treatment did not result in a marked effect
on cell viability (Figure 1B). We then conducted detailed
quantitative analysis of LPS-induced autophagy. LPS in-
duced a significant increase in the percentage of cells ex-
pressing autophagosomes (Figure 2A). The increase in
type II LC3 was biochemically confirmed by immunoblot
analysis with LC3 antibody. LC3 type II, an indicator of au-
tophagosome formation (Nakagawa et al., 2004), was in-
creased in RAW264.7 cells with LPS treatment (Figure 2A,
lower panel). Moreover, incubation of RAW264.7 cells
stably expressing LC3 fused to green fluorescent protein
(GFP-LC3) with LPS also led to the redistribution of GFP-
LC3 from diffuse to punctate (Figure 2B) (Gutierrez et al.,
2004; Ogawa et al., 2005). GFP-LC3-positive autophago-
somes were less numerous compared to autophago-
somes detected by immunostaining for endogenous LC3136 Immunity 27, 135–144, July 2007 ª2007 Elsevier Inc.(compare Figures 2A and 2B). This may be due to inability
of GFP-LC3 to be incorporated into all cellular autophago-
somes. LPS-induced autophagywas prevented by the co-
addition of polymyxin B (PMB), an antibiotic that blocks bi-
ological effects of LPSbybinding to lipid A, the component
of LPS responsible for receptor binding and cellular signal-
ing (Duff and Atkins, 1982; Palsson-McDermott and
O’Neill, 2004). Evidence of cellular signaling of LPS was
demonstrated through monitoring inducible nitric oxide
synthase (iNOS) expression by immunoblot analysis and
nitric oxide (NO) production, important downstream prod-
ucts of LPS signaling in RAW264.7 cells (Musial and Eissa,
2001) (Figure 2B, lower panel). Time-course experiments
revealed that LPS-induced autophagy could be detected
at 8 hr and was maximal at 12–16 hr after LPS stimulation
(see Figure S1 in the Supplemental Data available online).
The effect of LPS on autophagy was also examined in pri-
mary human alveolar macrophages by immunofluores-
cence. With LPS treatment, 61.8% of cells exhibited auto-
phagosomes compared to 10.3% of control cells
(Figure 2C). Furthermore, transmission electron micros-
copy (EM) was used to examine LPS effect on autophagy.
Thenumber of double-membrane vacuoles typical of auto-
phagosomes was markedly increased in RAW264.7 cells
treated with LPS compared to control cells (Figure 2D)
(Levine andKlionsky, 2004;Ogawaet al., 2005). The above
data established the induction of autophagic response in
human and murine macrophages after LPS stimulation.
As their maturation proceeds, autophagosomes fuse
with endosomal vesicles and acquire lysosome-associ-
ated membrane proteins (LAMP1 and LAMP2), thus be-
coming late autophagosomes that subsequently fuse
with lysosomes. Consequently, the colocalization of
GFP-LC3 with LAMP1 indicates the presence of late auto-
phagosomes (Kirkegaard et al., 2004). We investigated
whether or not LPS induces the formation of mature auto-
phagosomes. In RAW264.7 cells, LPS promoted LAMP1
expression and thematuration of autophagosomes as evi-
denced by an increase in the colocalization of GFP-LC3
with LAMP1 (data not shown). These results indicate that
LPS-induced autophagosomes proceed to mature forms.
Immunity
Toll-like Receptor 4 Is a Sensor for AutophagyFigure 2. Induction of Autophagy in Pri-
mary Human Alveolar Macrophages and
Murine Macrophage RAW264.7 Cells by
LPS Stimulation
Cells were incubated in the absence (control)
or presence of LPS (100 ng/ml) or in the pres-
ence of LPS plus PMB (25 mg/ml) for 16 hr.
(A) Upper panel: representative immunofluo-
rescence images with LC3 antibody staining
in RAW264.7 cells. Middle panel: quantitation
of the percentage of cells with autophago-
somes. Lower panel: immunoblot analysis us-
ing antibodies against LC3 or b-actin.
(B) GFP-LC3 fluorescence images and quanti-
tation analyses are shown in the upper and
middle panels, respectively. Lower panel: im-
munoblot analysis with iNOS antibody. Activity
of iNOSwas evaluated bymeasuring nitrite ac-
cumulation in culture media.
(C) Upper panel: representative immunofluo-
rescence images of LC3 antibody staining in
primary human alveolar macrophages. Lower
panel: quantitation of the percentage of cells
with autophagosomes.
(D) Ultrastructural analysis of LPS-induced au-
tophagy by transmission electron microscopy
in RAW264.7 cells. av, autophagic vacuole; n,
nucleus; m, mitochondria. Graph represents
quantitation of the number of autophagosomes
per cross-sectioned cell.
Data are mean ± SEM from three (A and B) or
two (C and D) independent experiments. *p <
0.05; **p < 0.001 versus control conditions.
Scale bars = 10 mm.TRIF-Dependent TLR4 Signaling Is Required
for LPS-Induced Autophagy
LPS exerts multiple cellular effects by inducing signaling
through the TLR4 receptor (Beutler and Rietschel, 2003;
Palsson-McDermott and O’Neill, 2004). To determine
whether or not induction of autophagy by LPS is also me-
diated through TLR4, a dominant-negative TLR4 mutant
and small interfering RNA (siRNA) against TLR4 were
used. RAW264.7 cells stably expressing GFP-LC3 were
transfected with either vector only or a plasmid expressing
a dominant-negative TLR4 mutant. Cells were then sub-
jected to LPS treatment and evaluated for autophagy.
LPS-induced autophagy was markedly inhibited in cells
transfected with dominant-negative TLR4 compared to
cells transfected with vector only (Figure 3A; Figure S2A).
In addition, knockdown of TLR4 with specific siRNA com-
pletely abrogated the induction of autophagy by LPS
(Figure 3B and Figure S2B). These results indicated that
LPS-induced autophagy was mediated through signalingby TLR4. Additional experiments were performed using
cell line 23 ScCr, which is a bone-marrow-derived macro-
phage cell line developed from mouse strain C57BL/
10ScNwith adeletion of theTlr4 locus. Thesemice are nat-
urally deficient in the Tlr4 gene (Lorenz et al., 2002). These
cells could not form autophagosomes in response to LPS
(data not shown).
LPS-induced TLR4 signaling pathway uses several
adaptors, including MyD88, Toll-interleukin-1 receptor
domain-containing adaptor protein (TIRAP), and TRIF.
The TLR4 signaling pathway is divided into two cate-
gories: MyD88-dependent and MyD88-independent
arms (Kawai and Akira, 2005). To determine the role of
MyD88-dependent TLR4 signaling in LPS-induced au-
tophagy, we established a stable RAW264.7 cell line that
expresses both GFP-LC3 and a dominant-negative
MyD88 mutant (MyD88-DN). The percentage of cells
with GFP-LC3-positive autophagosomes after LPS treat-
ment in cells expressing both GFP-LC3 and MyD88-DNImmunity 27, 135–144, July 2007 ª2007 Elsevier Inc. 137
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Toll-like Receptor 4 Is a Sensor for AutophagyFigure 3. TRIF-Dependent TLR4 Signal-
ing Is Required for LPS-Induced Autoph-
agy
Quantitation analysis of the percentage of cells
with GFP-LC3-positive autophagosomes in
RAW264.7 cells stably expressing GFP-LC3
after incubation in the presence of LPS
(100 ng/ml) for 16 hr. In (A), cells were trans-
fected with vector only or with a plasmid ex-
pressing a dominant-negative TLR4 mutant.
In (B), (D), and (E), cells were transfected with
control siRNA or siRNA specific for TLR4,
MyD88, or TRIF, respectively. All transfections
were performed for 32 hr prior to LPS treat-
ment. In (C), cells stably expressed both
GFP-LC3 and a dominant-negative MyD88
mutant. Lower panel in (B): results of RT-PCR
confirming deletion of TLR4 by siRNA. Lower
panel in (C): evaluation of iNOS protein expres-
sion by immunoblot analysis and iNOS activity
by measuring nitrite in culture media. Lower
panel in (D): immunoblot analysis of MyD88 in
cell lysates. Lower panel in (E): immunoblot
analysis of TRIF in cell lysates. Data represent
mean ± SEM of three independent experi-
ments. *p < 0.05; **p < 0.001 versus control
conditions.was similar to that of cells expressing GFP-LC3 only
(Figure 3C; Figure S2C). In cells expressing MyD88-DN,
inhibition of MyD88-dependent signaling was confirmed
by observing the reduction in iNOS expression and NO
production by immunoblot analysis and nitrite measure-
ments, respectively (Figure 3C, lower panel). These results
suggested that LPS-induced autophagy was not medi-
ated via the MyD88-dependent pathway. We confirmed
this finding using siRNA against MyD88. Knockdown of
MyD88 by siRNA had no significant effect on LPS-induced
autophagy in RAW264.7 cells stably expressing GFP-LC3
(Figure 3D; Figures S2D and S3A). In additional experi-
ments, a peptide inhibitor of TIRAP, another adaptor in
the TLR4-MyD88 signaling pathway, failed to block LPS-
induced autophagy (data not shown). These data indi-
cated that MyD88 and TIRAP adaptors were not required
for LPS-induced autophagy. In contrast to the experi-
ments above, deletion of TRIF by siRNA completely pre-
vented LPS-induced autophagy in RAW264.7 cells stably138 Immunity 27, 135–144, July 2007 ª2007 Elsevier Inc.expressing GFP-LC3 (Figure 3E; Figures S2E and S3B).
These results indicated that LPS induced autophagy
through a TRIF-dependent TLR4 signaling pathway.
RIP1 and p38 MAPK Are Required for LPS-Induced
Autophagy
RIP1 has been characterized as a signaling component
of the tumor necrosis factor-induced activation of mito-
gen-activated protein kinases (Devin et al., 2003). It also
participates in TLR3-TRIF-mediated induction of NF-kB
activation (Meylan et al., 2004) and in LPS-induced
caspase-8-independent cell death in the presence of
caspase inhibitors (Holler et al., 2000; Yu et al., 2004; Xu
et al., 2006). To examine whether RIP1 mediates LPS-
induced autophagy through the TLR4-TRIF pathway,
siRNA against RIP1 was used to knock down RIP1 in
RAW264.7 cells stably expressing GFP-LC3. Knockdown
of RIP1 prevented LPS-induced autophagy (Figure 4A;
Figures S2F and S3C), suggesting that RIP1 was required
Immunity
Toll-like Receptor 4 Is a Sensor for AutophagyFigure 4. RIP1 and p38 MAPK Are Re-
quired for LPS-Induced Autophagy
(A) RAW264.7 cells stably expressingGFP-LC3
were transfected with control siRNA or siRNA
specific for RIP1 for 32 hr, followed by LPS
treatment (100 ng/ml) for 16 hr. Upper panel:
immunoblot analysis of cell lysates with anti-
bodies against RIP1 or b-actin. Lower panel:
quantitation analysis of the percentage of cells
with GFP-LC3-positive autophagosomes.
(B) RAW264.7 cells stably expressing GFP-
LC3 were incubated for 16 hr in the absence
(control) or in the presence of LPS+vehicle
(DMSO), LPS+JNK inhibitor (20 mM), or
LPS+p38 MAPK inhibitor (20 mM). Quantitation
of the percentage of cells with GFP-LC3-posi-
tive autophagosomes is shown.
Data represent mean ± SEM of three indepen-
dent experiments. *p < 0.05; **p < 0.001 versus
control conditions.for this cellular process. Additional siRNA experiments for
MyD88, TRIF, and RIP1 were performed using gene-spe-
cific scrambled siRNA as a control siRNA (Figure S3). The
results were consistent with above data using siRNA
against luciferase as a control siRNA.
Previous work suggested a critical role for RIP1 in medi-
ating tumor necrosis factor-induced activation of MAP
kinases including JNK and p38 MAPK (Devin et al.,
2003). We reasoned that these pathways might also be
involved in downstream signaling of the TLR4-TRIF-RIP1
pathway. We examined the effects of inhibition of JNK or
p38 MAPK on LPS-induced autophagy in RAW264.7 cells
stably expressing GFP-LC3 (Figure 4B; Figure S2G). Inhi-
bition of JNKdid not have amarked effect on LPS-induced
autophagy. In contrast, p38MAPK inhibition blocked LPS-
induced autophagy (Figure 4B). The effect of p38MAPK in-
hibition on LPS-induced autophagy was dose dependent
(Figure S4). These data suggested that p38 MAPK was
involved in LPS-induced autophagy. Functional assays
of JNKandp38MAPK inhibitorswereperformedby assay-
ing the phosphorylation of the downstream targets of JNK
and p38 MAPK in RAW264.7 cells. JNK activity was as-
sayed by analyzing phosphorylation of c-Jun. p38 MAPK
activity was assayed by evaluating phosphorylation of
MAP kinase-activated protein kinase 2 (Figure S5).
Inhibition of Class III PI3K Activity Blocks
LPS-Induced Autophagy
Inhibition of the class III PI3K by 3-methyladenine (3MA) or
wortmannin (Wm) has been shown to inhibit starvation-
induced autophagy (Seglen and Gordon 1982; Lum
et al., 2005). Our results showed that 3MA (5 mM) or
Wm (100 nM) was able to block LPS-induced autophagy
as detected by monodansylcadaverine (MDC) staining
and GFP-LC3 fluorescence (Figures 5A and 5B).
VPS34 is a class III PI3K that functions in the regulation
of autophagy as a catalytic subunit in a complex with
beclin 1 and regulatory subunit p150. This complex partic-
ipates in autophagosome formation throughmediating the
recruitment of other autophagy proteins to the preauto-phagosomal membrane (Kihara et al., 2001). To determine
whether VPS34 is required for promotion of LPS-induced
autophagy, we established a RAW264.7 cell line stably
expressing a human dominant-negative VPS34 mutant
(Stein et al., 2003). In this cell line, there was no increase
in autophagy in response to LPS (Figure 5C), indicating
that VPS34 activity was required for the execution of
LPS induction of autophagy. The VPS34 complex
functions in the promotion of autophagy as a membrane-
associated complex (Kihara et al., 2001; Stein et al., 2003).
We evaluated the amount of VPS34 associated with the
membrane by immunoblot analysis after fractionation of
cell lysates into soluble and particulate fractions. In
RAW264.7 cells incubated with LPS, there was an in-
crease in the percentage of VPS34 in the particulate frac-
tion (Figure S6), suggesting that LPS promoted the incor-
poration of VPS34 complex into the membrane.
Colocalization of Mycobacterial Phagosomes
with LPS-Induced Autophagosomes
In host phagocytic cells, Mycobacterium tuberculosis is
known to reside intracellularly in the phagosome and
blocks its maturation along the phagosome-lysosome
pathway. Induction of autophagy by starvation, rapamy-
cin, or LRG47 expression results in increased colocaliza-
tion of the mycobacterial phagosomes with the autopha-
gosomes and reduces mycobacterial survival (Gutierrez
et al., 2004; Singh et al., 2006). We hypothesized that
LPS-induced autophagy can overcome the mycobacterial
phagosome block. In RAW264.7 cells infected with
M. tuberculosis, LPS treatment enhanced colocalization
of M. tuberculosis with the autophagic vacuoles, com-
pared to infected cells not treated with LPS (Figure 6A).
The effects of LPS-induced autophagy on mycobacterial
phagosomes were also examined at the ultrastructural
level. EM analysis showed that in the absence of LPS, M.
tuberculosis bacilli were seen in single-membrane-bound
phagosomes (Figure 6B, images 1 and 2). In cells treated
with LPS,M. tuberculosis bacilli were seen inside double-
membrane-bound vacuoles typical of autophagosomesImmunity 27, 135–144, July 2007 ª2007 Elsevier Inc. 139
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Toll-like Receptor 4 Is a Sensor for AutophagyFigure 5. Inhibition of Class III PI3K Activity Blocks LPS-Induced Autophagy
(A) RAW264.7 cells were incubated for 16 hr in the absence (control) or presence of LPS, LPS+3MA (5 mM), or LPS+wortmannin (Wm, 100 nM).
(B) RAW264.7 cells stably expressing GFP-LC3were subjected to the same conditions as in (A). Cells were fixed and stainedwith DAPI to visualize the
nuclei (blue).
(C) RAW264.7 cells stably expressing a dominant-negative (DN) mutant of VPS34 were incubated with LPS for 16 hr in parallel with RAW264.7 cells
incubated with or without LPS. Autophagic vacuoles were stained in fixed cells using monodansylcadaverine (MDC) (blue).
Scale bars = 10 mm. Graphs represent quantitation analysis of the number of MDC-positive autophagosomes per cell (A and C) or the percentage of
cells with GFP-LC3-positive autophagosomes (B). Data represent mean ± SEM of three independent experiments. *p < 0.05; **p < 0.001 versus con-
trol conditions.(Figure 6B, images 3 and 4) (Gutierrez et al., 2004; Ogawa
et al., 2005; Lum et al., 2005). Quantitation results showed
that 79% of mycobacterial bacilli were found in autopha-
gosomes in LPS-treated cells, compared to only 11% of
mycobacterial bacilli residing in autophagosomes in con-
trol cells (Figure 6B, lower panel). Potential fusion events
of autophagosomes with endosomal structures were
seen (Figure 6B, image 5) (Gutierrez et al., 2004). We could
also detect autophagosomes with onion-like structures
(Figure 6B, image 6), previously reported to occur during
autophagy of M. tuberculosis and Shigella (Gutierrez140 Immunity 27, 135–144, July 2007 ª2007 Elsevier Inc.et al., 2004; Ogawa et al., 2005). These data indicated
that LPS-induced autophagy promoted the colocalization
of mycobacterial phagosomes with the autophagosomes.
We then tested whether p38 MAPK inhibition could
block LPS-induced colocalization of M. tuberculosis with
autophagosomes. RAW264.7 cells stably expressing
GFP-LC3 were infected with M. tuberculosis expressing
red fluorescent protein 1 hr prior to incubation for 16 hr
in the absence of LPS or in the presence of LPS plus
vehicle (DMSO) or LPS plus p38 MAPK inhibitor (Fig-
ure 7). LPS treatment resulted in a significant increase in
Immunity
Toll-like Receptor 4 Is a Sensor for AutophagyFigure 6. LPS-Induced Autophagy Promotes the Colocalization of Mycobacterial Phagosomes with the Autophagosomes
(A) RAW264.7 cells were infected with PKH26-stained Mycobacterium tuberculosis H37Rv (M.t., red) for 1 hr. After phagocytosis, cells were incu-
bated in the presence or absence of LPS for 16 hr. Cells were fixed, and autophagic vacuoles were stained using MDC (blue). The colocalization
ofM. tuberculosis and the MDC-positive autophagosomes is represented in the merge panels by the pink color and quantitated in the graph at right
(mean ± SEM, n = 2).
(B) Ultrastructural analysis of M. tuberculosis localization by transmission electron microscopy using RAW264.7 cells subjected to experiments as
described in (A). In the absence of LPS (control),M. tuberculosis bacilli were found inside typical single-membrane mycobacterial phagosome com-
partments, indicated by black arrows in images 1 and 2. In contrast, in the presence of LPS,M. tuberculosis bacilli were found in typical double-mem-
brane autophagosomes (images 3 and 4). Potential fusioneventsbetweenmycobacterial phagosomesandautophagosomeswere observed (image5).
Image 6 illustrates the presence of onion-like multilamellar structures containing mycobacteria. Black arrows, outer membranes; white arrows,
internal membranes; double black arrows, onion-like multilamellar structures; white asterisks,M. tuberculosis. The graph represents the quantitation
of 100 internalized mycobacteria per experimental condition (mean ± SD, n = 2; *p < 0.05).colocalization of M. tuberculosis with GFP-LC3-positive
autophagosomes. p38MAPK inhibition, however, blocked
LPS-induced colocalization of mycobacterial phago-
somes with the autophagosomes. These results provided
additional functional evidence for involvement of the p38
MAPK pathway in LPS-induced autophagy. Recent re-
ports suggest that LRG47 exerts its antimycobacterial
action by enhancing autophagy (Gutierrez et al., 2004;
Singh et al., 2006).We observed that LPS induced upregu-
lation of LRG47 expression in RAW264.7 cells and that
LPS-induced LRG47 was almost exclusively membranebound (Figure S7). These results suggested that LPS facil-
itated autophagosome formation through upregulation of
LRG47 and promoting its membrane incorporation.
DISCUSSION
Although progress has been made in understanding the
molecular mechanisms of starvation-induced autophagy,
the signaling pathways leading to autophagy associated
with innate immunity are not well studied. We studied au-
tophagy in the murine macrophage cell line RAW264.7Immunity 27, 135–144, July 2007 ª2007 Elsevier Inc. 141
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Toll-like Receptor 4 Is a Sensor for Autophagyand in primary human alveolar macrophages. In this study,
we showed that TLR4 served as a previously unrecog-
nized environmental sensor for autophagy. Autophagy
was regulated through a TRIF-dependent, MyD88-inde-
pendent TLR4 signaling pathway. RIP1 and p38 MAPK
were downstream components of this pathway. This sig-
naling pathway did not affect cell viability and was not me-
diated by JNK, indicating that it is distinct from the auto-
phagic cell death signaling pathway. We further showed
that LPS-induced autophagy could overcome mycobac-
terial phagosome arrest and force its colocalization with
the autophagosomes.
There has been an intense controversy regarding the
role of autophagy as a prosurvival or prodeath mecha-
nism. Whereas inhibition of apoptosis enhances autopha-
gic cell death (Yu et al., 2004), autophagy is essential for
restricting cell death to infected sites in plants (Liu et al.,
2005). The majority of evidence (Levine and Yuan, 2005)
suggests that, in cells with intact apoptotic machinery
and particularly in the context of innate immunity, autoph-
agy is primarily a prosurvival pathway. Our study provides
the molecular mechanisms for such a role. The JNK path-
way has been shown to mediate RIP-induced autophagic
cell death following caspase-8 inhibition (Yu et al., 2004).
In our experiments, performed without caspase inhibition,
LPS-induced autophagy had no effect on cell viability. The
above results suggest that the signaling pathway for au-
tophagy through RIP1 may undergo bifurcation down-
stream of RIP1. In the absence of caspase inhibition,
RIP1 signaling is mediated through p38 MAPK and main-
Figure 7. p38 MAPK Inhibition Blocks LPS-Induced Colocali-
zation ofMycobacterium tuberculosiswith Autophagosomes
RAW264.7 cells stably expressing GFP-LC3 were infected with M.
tuberculosis expressing red fluorescent protein 1 hr prior to a 30 min
incubation with p38 MAPK inhibitor or vehicle (DMSO) followed by
further incubation for 16 hr in the presence or absence of LPS. Upper
panel: representative fluorescence images. Lower panel: quantitation
of percentage of colocalization ofM. tuberculosis with GFP-LC3-pos-
itive autophagosomes. Graph represents the quantitation of 100 inter-
nalizedmycobacteria per experimental condition. Data denote mean ±
SEM from two independent experiments. *p < 0.05 versus control con-
ditions. Scale bars = 10 mm.142 Immunity 27, 135–144, July 2007 ª2007 Elsevier Inc.tains cell survival. Under conditions favoring autophagic
cell death, e.g., after caspase inhibition, RIP1 signaling
is mediated through JNK, as previously shown (Yu et al.,
2004). Thus, our data suggest that RIP1 acts as a critical
mediator for autophagy in innate immunity and in control-
ling cell survival and death.
It is intriguing to note that among all TLRs, only TLR4
uses both the MyD88-dependent and MyD88-indepen-
dent pathways. It had been unclear why both pathways
are necessary. Our discovery of TRIF-dependent induc-
tion of autophagy may offer a mechanistic rationale for
the need for two TLR4-mediated pathways. A plausible
explanation could be that a close cooperation between
the two arms for TLR4 is needed for innate immunity.
For a mammalian cell to control a pathogen, two pro-
cesses will need to be performed in sequence: phagocy-
tosis for pathogen internalization, and then autophagy,
which would involve fusion of the phagosome with auto-
phagosome, which matures and fuses with lysosomes. A
previous study suggested that the TLR4-MyD88-depen-
dent pathway is needed for phagocytosis (Blander and
Medzhitov, 2004). Phagocytosis of the Gram-negative
bacteria E. coli is impaired in MyD88-deficient cells. A co-
operation model would suggest that TLR4-MyD88, a fast-
response pathway, would be in charge of phagocytosis
and that TLR4-TRIF, a slower-response pathway, would
be in charge of autophagy.
In macrophages infected with M. tuberculosis, induc-
tion of autophagy by LPS had a marked effect on over-
comingM. tuberculosis phagosome block and promoting
its colocalization with autophagosome. M. tuberculosis
does not have LPS in its wall and does not directly acti-
vate TLR4. Activation of autophagy by stimulating the
TRIF pathway may offer an unexpected therapeutic ap-
proach againstM. tuberculosis. Our study unravels an im-
portant aspect of autophagy regulation and provides
a link between stimulation of autophagy and pattern rec-
ognition receptors of innate immunity. Thus, it opens
a new window for potential therapeutic interventions for
modulation of autophagy through the TLRs. These new
therapeutic strategies might be able to outsmart patho-
gens, some of which rely on suppressing autophagy for
their survival.
EXPERIMENTAL PROCEDURES
Cell and Bacterial Cultures
RAW264.7 cells were maintained in Dulbecco’s modified Eagle’s me-
dium containing 10% fetal bovine serum.Mycobacterium tuberculosis
H37Rv was grown in Middlebrook 7H9 broth medium supplemented
with 0.2% glycerol and 0.25% Tween 80 or on 7H11 agar plates and
homogenized to generate a single cell suspension. In some experi-
ments, M. tuberculosis was stained with 10% PKH26 red fluorescent
dye (Sigma) according to the manufacturer’s instructions. Primary hu-
man macrophages were from bronchoalveolar lavage (BAL) fluid of
subjects undergoing a medically indicated bronchoscopy for a local-
ized pulmonary nodule. BAL was performed before diagnostic evalua-
tion of pulmonary lesion, and BAL fluid was obtained from either right
middle or lingual lobe. The research protocol was approved by institu-
tional review board of Baylor College of Medicine.
Immunity
Toll-like Receptor 4 Is a Sensor for AutophagyAntibodies and Reagents
LC3 antibody used for immunoblot was purchased from ANASpec,
LC3 antibody used for immunofluorescence was a gift from Takashi
Ueno, MyD88 antibody was from Stressgen, TRIF antibody was from
Abcam, LAMP1 antibody was from ABR, VPS34 antibody was from In-
vitrogen, LRG47 antibody was from Santa Cruz, and iNOS antibody
was from Research & Diagnostic Antibodies. LC3A cDNA was cloned
from human brain RNA and subcloned into the C-terminal end of en-
hanced GFP (BD Biosciences) to produce GFP-LC3. Mouse MyD88-
DN plasmid was from InvivoGen. TLR4-DN (P712H) plasmid was
a gift from Sankar Ghosh. Human VPS34-DN (N743A-N748I) plasmid
was a gift from Robert Moore. LPS of Escherichia coli serotype
0111:B4, 3MA, wortmannin, and PKH26 red fluorescent dye were
from Sigma. p38 MAPK inhibitor (SB 203580) and JNK inhibitor II
were from Calbiochem.
Transfection and Establishment of Stable Cell Lines
RAW264.7 cells were transfected by electroporation using program
D-32 of an Amaxa Nucleofector (Amaxa). RAW264.7 cells stably ex-
pressing GFP-LC3 or VPS34 were selected and maintained in G418.
A stable cell line clone expressing both GFP-LC3 and a MyD88-DN
mutant was selected and maintained in the presence of both G418
(600 mg/ml) and Zeocin (50 mg/ml).
Cell Lysis and Fractionation
Cells were lysed on ice for 30 min in 40 mM Bis-Tris propane buffer
(pH 7.7), 150 mM NaCl, 10% glycerol, 1% Triton X-100, and protease
inhibitors. Fractionation of cellular proteins into cytosolic soluble and
membrane particulate fractions was performed as follows. Cells
were homogenized with a sonicator, and lysates were ultracentrifuged
for 30 min at 100,000 3 g at 4C. The supernatant was removed
(soluble fraction), and the remaining pellet was subjected to a second
round of sonication and ultracentrifugation as above. The final pellet
was resuspended in phosphate-buffered saline (particulate fraction).
Autophagy Assays
Autophagy was evaluated in cells by fluorescence microscopy, EM, or
immunoblot. In fluorescencemicroscopy experiments, autophagywas
evaluated by examining the punctate forms (type II) of the autophagy
marker LC3. Experiments studied either GFP-LC3 or endogenous
LC3 stained by LC3 antibody. Quantitation of autophagy was per-
formed based on the percentage of GFP-LC3-positive autophagic
vacuoles or cells with LC3 punctate dots. In some experiments,
autophagy was evaluated by observing the MDC-positive autophagic
vacuoles. In EM experiments, autophagy was evaluated by observing
the typical double-membrane vesicles (Ogawa et al., 2005; Gutierrez
et al., 2004; Liu et al., 2005). In experiments using EM, autophagy
was quantitated by determining the number of autophagic vacuoles
per cross-sectioned cell. In all experiments, a minimum of 100 cells
per sample were counted, and duplicate or triplicate samples were
counted per experimental condition. For EM experiments, data ob-
tained from a minimum of 50 independent sectioned cells were
used. Statistical analysis was performed using a two-tailed Student’s
t test (Liu et al., 2005).
Fluorescence Microscopy
Cells were grown on collagen-precoated glass coverslips in six-well
plates. Cells were fixed with 4% paraformaldehyde, mounted using
the SlowFade Antifade Kit (Invitrogen) and the blue nuclear chro-
matin stain 40,6-diamidino-2-phenylindole dihydrochloride (DAPI), and
viewed using a Zeiss Axiovert 200M microscope. Z sections were col-
lected at an optical depth of 0.2–0.8 mm, and images were optimized
with deconvolution software. In immunofluorescence experiments,
following fixation, cells were permeabilized with 0.2% Triton X-100,
blocked with 10% normal goat serum, and incubated with primary
antibodies followed by secondary antibodies before mounting
(Kolodziejska et al., 2005).RNA Interference
siRNAs against TLR4 were from the SureSilencing Mouse TLR4 kit
(SuperArray Bioscience Corporation). siRNAs designed against
MyD88, TRIF, and RIP1 were from Dharmacon using the following se-
quences: MyD88, sense 50-GCCUAUCGCUGUUCUUGAAUU-30, anti-
sense 50-UUCAAGAACAGCGAUAGGC-30; TRIF, sense 50-GGAAAGC
AGUGGCCUAUUA-30, antisense 50-UAAUAGGCCACUGCUUUCC-30;
RIP1, sense 50-CCACUAGUCUGACUGAUGA-30, antisense 50-UCAU
CAGUCAGACUAGUGG-30. siRNAs were transiently transfected using
Lipofectamine 2000 (Invitrogen). As a control, we used either siRNA
against luciferase (Dharmacon) or gene-specific scrambled siRNA.
Transmission Electron Microscopy
RAW264.7 cells were fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.0) for 1 hr, postfixed in 1% osmium tetroxide
in 0.1M cacodylate buffer for 1 hr, dehydrated with increasing concen-
trations of ethanol, and gradually infiltratedwith Araldite resin. Ultrathin
sections (70–80 nm) were obtained using an ultramicrotome (RMC
MT6000-XL). Sections were stained with uranyl acetate and lead
citrate and examined using a Hitachi H-7500 transmission electron
microscope equipped with a Gatan digital camera.
Functional Assays of JNK and p38 MAPK Inhibitors
Functional assays of JNK and p38MAPK inhibitors were performed by
assaying the phosphorylation of the downstream targets of JNK and
p38 MAPK in RAW264.7 cells incubated in the presence or absence
of the corresponding inhibitors. JNK activity was assayed by analyzing
phosphorylation of Ser63 of c-Jun. p38 MAPK activity was assayed by
evaluating phosphorylation of Thr334 of MAP kinase-activated protein
kinase 2. MAP kinase-activated protein kinase 2 is a downstream tar-
get of p38 MAPK (Zarubin and Han, 2005) and c-Jun is a downstream
target of JNK (Holzberg et al., 2003).
Supplemental Data
Seven figures are available at http://www.immunity.com/cgi/content/
full/27/1/135/DC1/.
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